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Can there be a heavy sbottom hidden in three-jet data at LEP?
Rahul Malhotra∗
Center for Particle Physics, University of Texas, Austin, Texas, 78712, U.S.A.
(Dated: 16 November, 2003)
A low-energy supersymmetry scenario with a light gluino of mass 12− 16 GeV and light sbottom
(b˜1) of mass 2 − 6 GeV has been used to explain the apparent overproduction of b quarks at the
Tevatron. In this scenario the other mass eigenstate of the sbottom, i.e. b˜2, is favored to be lighter
than 180 GeV due to constraints from electroweak precision data. We survey its decay modes in this
scenario and show that decay into a b quark and gluino should be dominant. Associated sbottom
production at LEP via e+e− → Z∗ → b˜1b˜∗2+ b˜∗1b˜2 is studied and we show that it is naturally a three-
jet process with a small cross-section, increasingly obscured by a large Standard Model background
for heavier b˜2. However we find that direct observation of a b˜2 at the 5σ level is possible if it is
lighter than 110− 129 GeV, depending on the sbottom mixing angle | cos θb| = 0.30− 0.45. We also
show that b˜2-pair production can be mistaken for production of neutral MSSM Higgs bosons in the
channel e+e− → h0A0 → bb¯bb¯. Using searches for the latter we place a lower mass limit of 90 GeV
on b˜2.
PACS numbers: 12.60.Jv, 13.87.Ce, 14.65.Fy, 14.80.Ly
I. INTRODUCTION
The Standard Model (SM) has been very successful
in explaining a range of observations at hadron colliders
and the CERN e+e− collider, LEP. But it is still widely
believed to be an effective theory valid at the electroweak
scale, with new physics lying beyond it. The Minimal Su-
persymmetric Standard Model (MSSM)[1] is widely con-
sidered to be the most promising candidate for physics
beyond the SM.
The MSSM contains supersymmetric (SUSY) partners
of quarks, gluons and other SM particles which have not
been observed, leading to speculation that they might be
too heavy to have observable production rates at present
collider energies. However it has been suggested in [2]
that a light sbottom (b˜1) with mass O(5 GeV) is not
ruled out by electroweak precision data if its coupling to
the Z boson is tuned to be small in the MSSM. Recently
Berger et al [3] have also proposed a light sbottom and
light gluino (LSLG) model to explain the long-standing
puzzle of overproduction of b quarks at the Tevatron [4].
In this model gluinos of mass 12− 16 GeV are produced
in pairs in pp¯ collisions and decay quickly into a b quark
and light sbottom (2−6 GeV) each. The sbottom evades
direct detection by quickly undergoing R-parity violating
decays into soft dijets of light quarks around the cone of
the accompanying b jet. The extra b quarks so produced
result in a remarkably good fit to the measured transverse
momentum distribution σb(pT > p
min
T ) at NLO level,
including data enhancement in the pminT ∼ mg˜ region.
Some independent explanations within the SM have
also been proposed to resolve the discrepancy. These
include unknown NNLO QCD effects, updated b-quark
fragmentation functions [5] and effects from changing the
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renormalization scale [6]. But, without an unambigu-
ous reduction in theoretical and experimental errors, the
LSLG scenario cannot be ruled out. It is also interesting
in its own right even if not solely responsible for the Teva-
tron discrepancy. For example, a light b˜1 is more natural
if the gluino is also light [7]. Experimental bounds on
light gluinos do not apply here as either the mass range
or the decay channel is different: only gluinos lighter
than 6.3 GeV [8] are absolutely ruled out. Very recently
ALEPH [9] has ruled out stable sbottoms with lifetime
>∼ 1 ns and mass < 92 GeV. However, using formulae
in [10] we calculate that even minimal R-parity violating
couplings, as small as 10−6 times experimental limits,
would leave b˜1 with a lifetime shorter than 1 ns. Light
gluino and sbottom contributions to the running strong
coupling constant αS(Q) have also been calculated and
found to be small [3, 11]. New phenomenon such as SUSY
Z-decays [12, 13, 14] and gluon splitting into gluinos [15]
are predicted in this scenario, but the rates are either too
small or require more careful study of LEP data.
The sbottoms and light gluinos also affect electroweak
precision observables through virtual loops. In this case,
serious constraints arise on the heavier eigenstate of the
sbottom, i.e. b˜2. According to [16], corrections to Rb are
increasingly negative as b˜2 becomes heavier and it has to
be lighter than 125 (195) GeV at the 2σ (3σ) level. An ex-
tension of this analysis to the entire range of electroweak
precision data [17] yields that b˜2 must be lighter than
180 GeV at 5σ level. However, it has been suggested
that the SUSY decay Z → b˜1b¯g˜ + h.c. can contribute
positively to Rb [13], reducing some of the negative loop
effects, and possibly allowing higher b˜2 masses [12, 18].
Independently, if large CP -violating phases are present
in the model a b˜2 with mass >∼ 200 GeV is possible [19].
Still, it is fair to say that in the face of electroweak con-
straints the LSLG model at least favors a b˜2 lighter than
200 GeV or so.
In this article we study production and decay of such a
2heavy sbottom at LEPII. Available channels are (i) pair
production: e+e− → b˜2b˜∗2 and (ii) associated production:
e+e− → b˜∗1b˜2+ b˜1b˜∗2. With LEPII center-of-mass energies
ranging upto
√
s = 209 GeV, the second channel should
have produced heavy sbottoms with masses as high as
∼ 200 GeV. Since they have not been observed, it has
been commented that the LSLG scenario is disfavored
[16, 17].
However, searches for unstable sbottoms at LEPII have
not been done for the decay b˜2 → bg˜, which should domi-
nate in this scenario as squarks, quarks and gluinos have
strong trilinear couplings in the MSSM. In that case, the
fast-moving gluino emitted by b˜2 would decay quickly
into a b quark and b˜1 that are nearly collinear, with b˜1
subsequently undergoing R-parity violating decays into
light quarks around the cone of the accompanying b-
jet. Unless the jet resolution is set very high, the gluino
should look like a fused b flavored jet. Overall b˜2 should
appear as a heavy particle decaying into b flavored dijets.
On the other hand, the highly boosted prompt b˜1 pro-
duced in the associated process would decay into nearly
collinear light quarks and appear as a single hadronic
jet. Pair and associated production are therefore natu-
rally described as 4-jet and 3-jet processes respectively
at leading order. Pair production in particular should be
similar to neutral MSSM Higgs production in the channel
e+e− → h0A0 → bb¯bb¯ if h0 and A0 have approximately
equal masses.
The article is organised as follows: b˜2 decays are stud-
ied in Section II and b˜2 → bg˜ is found to be dominant,
cross-sections and event topology are studied in Section
III and the corresponding SM 3-jet background for asso-
ciated production is studied in Section IV. In Section V,
LEP searches for neutral Higgs bosons are used to de-
rive a lower bound on b˜2 mass. Conclusions are drawn in
Section VI.
II. HEAVY SBOTTOM DECAY
Sbottom decays in MSSM scenarios with large mass
splitting between b˜2 and b˜1 have been investigated before;
see [20] for example. However the scenario where the
gluino is also light has not received much attention.
The direct decay products can be purely fermionic (1)
or bosonic (2):
b˜2 → bg˜, bχ0k, tχ− (1)
b˜2 → b˜1Z, t˜W−, b˜1h0, b˜1A0, b˜1H0, t˜H− (2)
where χ0k (k = 1, .., 4) and χ
± are neutralinos and
charginos respectively, t is the top quark, t˜ are stops,
h0 and H0 are neutral CP -even Higgs bosons, A0 is the
CP -odd Higgs and H± are charged Higgs bosons.
The individual widths depend on masses of above par-
ticles, but available experimental constraints [21] are
model-dependent and might not all be applicable in the
LSLG scenario. However precision Z-width measure-
ments can be used to apply some basic constraints on
masses and the sbottom mixing angle.
A. Couplings and mass constraints
In the MSSM, Z-boson couplings to sbottom pairs are
given by,
Zb˜1b˜1 ∝ 1
2
cos2 θb − 1
3
sin2 θW (3)
Zb˜1b˜2 ∝ −1
2
sin θb cos θb (4)
Zb˜2b˜2 ∝ 1
2
sin2 θb − 1
3
sin2 θW (5)
where θb is the mixing angle between left and right-
handed states:(
b˜1
b˜2
)
=
(
cos θb sin θb
− sin θb cos θb
)(
b˜L
b˜R
)
(6)
The light sbottom should have a vanishingly small cou-
pling in Eqn. (3) as the Z → b˜1b˜∗1 decay does not occur
to high accuracy. This is achieved with the choice
cos θb ≈ ±
√
2
3
sin θW = ±0.39. (7)
The narrow range |cb| = 0.30 − 0.45 (cb ≡ cos θb) is al-
lowed [2] which we use at times to obtain upper and lower
bounds.
Given that mb˜1 = 2−6 GeV, the decay Z → b˜1b˜∗2+h.c.
might also take place if b˜2 is lighter than ∼ 89 GeV.
However this decay is suppressed both kinematically and
by the factor sin2 2θb. Even for the higher value |cb| =
0.45 we calculate Γ(Z → b˜1b˜∗2+h.c.) ≤ 10 MeV formb˜2 ≥
55 GeV and mb˜1 ≥ 2 GeV. With the full Z-width having
a 1σ error of 2.3 MeV and a 0.6σ pull from the theoretical
SM calculation [21], a lower limit of 55 GeV on b˜2-mass
can be set at ∼ 4σ level without a detailed analysis.
Similarly, decays into pairs of neutralinos, charginos
and stops might contribute unacceptably to the Z width
and it seems safe enough to apply a lower mass limit
of MZ/2 to them for calculation purposes. With the
observed top quark mass of ∼ 175 GeV, this rules out
the chargino channel b˜2 → tχ− as b˜2 masses <∼ 200 GeV
are being considered.
B. Calculations
The decay width for b˜2 → bg˜ is easily calculated at
tree-level using Feynman rules for the MSSM given in
[22]:
Γ(b˜2 → bg˜) =
g2smb˜2κA
6π
, (8)
A = 1− x2b − x2g˜ − 2xbxg˜ sin 2θb
3where xi =
mi
m
b˜2
, κ2 =
∑
i x
4
i −
∑
i6=j x
2
ix
2
j (summing over
all particles involved in the decay) is the usual kinematic
factor and gs is the strong coupling evaluated at Q =
mb˜2 . The canonical strong coupling value αS(MZ) =
0.118 is used here. Other parameters used in this section
are mb = 4.5 GeV, mb˜1 = 4 GeV, mg˜ = 14 GeV and
cb = +0.39.
The remaining widths in Eqns. (1,2) are calculated
using tree-level formulae given in [20]. Fig. 1 shows the
branching ratios versus b˜2 mass. The bg˜ width is large,
varying between 3.9−13.8 GeV for mb˜2 = 55−200 GeV.
It has the maximum amount of available phase space
and proceeds via the strong coupling, while the other
widths are ∝ g2w where gw = e/ sin θW is the usual weak
coupling.
The width shown for b˜2 → bχ0 is the summed width
over all 4 neutralinos (χ0k). This value scales approxi-
mately as m2b tan
2 β for large tanβ. Here tanβ = v2/v1
where vi are the vacuum expectation values of the two
Higgs doublets. Our calculation is most likely an overes-
timate as mixing angles are ignored and all neutralinos
are prescribed the same mass. This channel has been
extensively searched for at LEP [23], but seems to be at
most 10− 15% of the full width in the LSLG scenario.
Bosonic decays with W , Z in the final state are also
found to be small. We show Γ(b˜2 → t˜1W−) correct upto
an unknown factor sin2 θt ≤ 1 where sin θt is the stop
mixing angle. For t˜2 the factor would be cos
2 θt. Because
of the unnaturally low value of t˜1 mass chosen here, this
width rises significantly as mb˜2 approaches 200 GeV.
Decays into Higgs bosons are more complex as besides
Higgs masses, the widths depend on unknown soft SUSY-
breaking mass terms Ab and µ. The only available mass
constraint is mh0 <∼ 130 GeV at two-loop level in the
MSSM. However the excellent agreement between elec-
troweak precision measurements and theoretical predic-
tions with a single SM Higgs boson has led to a preference
for the “decoupling limit” of the MSSM Higgs sector. In
this limit, Yukawa couplings of h0 to quarks and lep-
tons are nearly identical to those of the Standard Model
Higgs. At the same time A0, H0, H± have almost degen-
erate masses >> MZ . Therefore, with b˜2 lighter than
200 GeV, only b˜2 → b˜1h0 is likely to be significant while
other decays would be kinematically impossible or heav-
ily suppressed. The width is then given by
Γ(b˜2 → b˜1h0) = g
2
wκB
2
64πmb˜2
, (9)
B = −mb cos 2θb
mW
(Ab − µ tanβ)
+
mZ sin 2θb
cos θW
(−1
2
+
2
3
sin2 θW ) cos 2β
We choose mh0 = 114.4 GeV in our calculation as LEP
data has ruled out SM Higgs bosons lighter than this
value [24].
In the decoupling limit, arbitrary variation over Ab, µ
in calculating B is not required as the factor Ab−µ tanβ
b˜1h
0
b˜1Z
t˜1W
−
bχ0
bg˜
b˜2 decay
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FIG. 1: Branching ratios for b˜2 with tan β = 30. Masses are
set as mχ0
k
,mt˜1 = MZ/2 ∀ χ0k and mh0 = 114.4 GeV. The
Higgs width is calculated in the decoupling limit.
can be expressed in terms of sbottom masses and θb:
sin 2θb =
2mb(Ab − µ tanβ)
m2
b˜1
−m2
b˜2
(10)
with θb given by Eqn. (7). This is a common relation
that arises when the sbottom mass matrix (see [25] for
example) is diagonalized with the mixing matrix in Eqn.
(6).
Though theoretically and experimentally attractive, if
the decoupling limit does not hold then other Higgs parti-
cles might also be light. The most general lower mass lim-
its from LEP on neutral MSSM Higgs bosons are about
90 GeV [26]. Then, the b˜2 → b˜1A0 width (say) can be-
come larger than 10% of b˜2 → bg˜ due to the coupling
A0b˜1b˜2 ∝ −gwmb cos 2θb
2mW
(µ+Ab tanβ) (11)
This happens if Ab tanβ is larger than ∼ 10 TeV. Though
the possibility is there, we consider it less likely and do
not pursue it further. In any event such a decay would
be more important for higher b˜2 masses, and we show in
Section III that b˜2 production at LEPII falls rapidly as
its mass nears 200 GeV.
We therefore conclude that the strong decay b˜2 → bg˜
is dominant and other decays are unlikely to be of more
than marginal importance at LEPII.
III. PRODUCTION AT LEP
Cross-sections for b˜2 production are defined as follows:
σ22 = σ(e
+e− → b˜2b˜∗2) and σ12 = σ(e+e− → b˜1b˜∗2+h.c.).
4For completeness production of b˜1b˜
∗
1 pairs is referred to
as σ11. The σij are readily calculated at tree-level,
σij =
g4w sin
4 θWβ
3
ij
16πs
fij , (12)
fij = (
1
9
− 2cV λij
3β2Z sin
2 2θW
)δij +
(c2V + c
2
A)λ
2
ij
β4Z sin
4 2θW
(13)
where λ11 ≈ 0, λ12 = 1√2 sin 2θb, λ22 = sin
2 θb− 23 sin2 θw,
β2ij = (1−
(m
b˜i
+m
b˜j
)2
s
)(1− (mb˜i−mb˜j )
2
s
), β2Z = 1−M
2
Z
s
and
cV,A are electron vector and axial couplings that equal
− 12 + 2 sin2 θW and 12 respectively. The λ-factors are
proportional to sbottom-Z couplings in Eqns. (3-5). We
use the same parameters here as used earlier for width
calculations.
Both virtual photon (γ∗) and virtual Z (Z∗) channels
are available for σ22 while only Z
∗ is available for σ12.
The latter falls by a factor of 2 in going from |cb| = 0.45
to 0.30. Pair production rises in the same range by a
smaller factor of 1.3 at
√
s = 207 GeV. Variation of b˜1
mass between 2− 6 GeV has negligible effect on σ12.
Fig. 2 shows σij versus b˜2-mass at
√
s = 207 GeV.
Both cross-sections are suppressed due to the β3 kine-
matic factor for scalar particle production. However,
asymmetry between sbottom masses causes additional
kinematic suppression of σ12 as β12 ≈ β222 for the same
total rest mass of final products, mb˜i +mb˜j . The miss-
ing photon channel and smaller λ-factor, λ222/λ
2
12 ≈ 1.8,
reduces the cross-section further. Therefore associated
production is generally small and falls rapidly as b˜2 gets
heavier.
The LEPII operation covered a range of center-of-mass
energies from 130 − 209 GeV with maximum data col-
lected at
√
s = 189 GeV and 205 − 207 GeV. Fig. 3
shows the expected number of raw events. We use an ap-
proximate luminosity distribution provided in [27] count-
ing the combined integrated luminosity recorded by all
four LEP experiments. The number of events for associ-
ated production falls below ∼ 100 for mb˜2 > 147 GeV at
|cb| = 0.39. It is therefore possible that sufficient statis-
tics might not be available to explore sbottom masses
above this value.
We now discuss the event topology in order to iden-
tify important backgrounds. As shown in Section II the
decay b˜2 → bg˜ is dominant which results in the states
b˜1b¯g˜+ h.c. and bb¯g˜g˜ for associated and pair processes re-
spectively. We decay the gluinos into bb˜∗1/b¯b˜1 pairs and
show the opening angles between final products for some
representative b˜2 masses in Fig. 4. The b quark and b˜1
arising from gluino decay overwhelmingly prefer a small
angular separation with a sharp peak at cos θ >∼ 0.9. The
other particles tend to be well-separated.
Through R-parity and baryon-number violating cou-
plings λ
′′
ij3, b˜1 can decay into pairs of light quarks:
b˜∗1 → u+s; c+d; c+s. A detailed discussion of such decays
is given in [10]. In that case, the b˜1 arising from gluino
σ22
σ12
b˜2 production
mb˜2 (GeV)
σ
(p
b
)
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FIG. 2: The b˜2 production cross-section for
√
s = 207 GeV,
|cb| = 0.39 as a function of mass.
decay would further decay hadronically in and around
the cone of the accompanying b jet. In practise it would
be difficult to distinguish between the overlapping jets,
unless a very fine jet resolution is used. The gluino should
then appear for the most part as a single fused b-flavored
jet with perhaps some extra activity around the cone.
The prompt b˜1 from associated production is highly
boosted for most b˜2 masses within range. This should re-
sult in a very small angular separation between its decay
products. If it decays into pairs of light quarks, we calcu-
late that at
√
s = 207 GeV, mb˜1 = 4 GeV and mb˜2
<∼ 170
GeV, at least 90% of these would have an opening angle
< 30o. At any rate a b˜2 as heavy as 170 GeV is unlikely
to be observable because of low event counts and would
be obscured by the large 3-jet SM background (Section
IV). Therefore in the observable range b˜1 should show up
as a single hadronic jet.
At leading order then, associated production is best
described as a 3-jet process, with 2 jets that can be tagged
as b quarks and a hadronic jet from b˜1. The relevant
Number Maximum b˜2 mass (GeV)
of Associated Pair
Events at LEPII Production Production
1000 59 71
100 147 94
10 177 101
1 192 103
FIG. 3: Expected number of raw LEPII events for the com-
bined luminosity recorded in the entire run. We show the b˜2
masses beyond which event counts fall below rough bench-
mark levels.
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FIG. 4: Opening angles between particle pairs in (a) pair
production and (b) associated production at
√
s = 207 GeV.
Particles marked with “dec” are gluino decay products. In
(a) the (b, g˜) distribution shown is for b quarks and gluinos
arising from the same b˜2. (b, g˜) arising from different b˜2 and
(g˜, g˜) have an identical distribution to that shown for (b, b¯).
In (b), (b˜∗1, g˜) is not shown as it is the same as (b˜
∗
1, b).
background for this would be SM 3-jet events which we
discuss in Section IV. On the other hand, pair production
is naturally a 4-jet process where each jet can be tagged
as a b quark. This would have significant background
from any other heavy particles produced in pairs and
decaying into dijets of b quarks. Searches for neutral
Higgs bosons h0 and A0 that can satisfy this criteria have
been done, and we discuss them in Section V.
IV. 3-JET BACKGROUND
The SM gluon radiation process: e+e− → qq¯g, q =
u, d, s, c, b; constitutes the main 3-jet background for as-
sociated production. In particular, e+e− → bb¯g could
be an irreducible background as gluon jets and jets from
light sbottoms might not be distinguishable on a case-
by-case basis.
We compare this background with associated produc-
tion using the JADE jet-clustering algorithm [28]:
min
i6=j
(pi + pj)
2 ≥ ycuts (14)
where pi are the momenta of the final state partons and
0 < ycut < 1 is the jet resolution parameter. As long as
ycut > m
2
g˜/s ≈ 3.4 − 5.9 × 10−3 for
√
s = 207 GeV and
mg˜ = 12−16 GeV, the hadronic decay products of g˜ and
b˜1 are clustered into single jets. We evaluate matrix ele-
ments at leading order and do not consider contributions
to the SM 3-jet cross-section from final states with more
than three partons. The renormalization scale is set at
Q =
√
s/2 with αS(MZ) = 0.118.
Fig. 5 shows that σ12 is a small fraction of the to-
tal SM 3-jet cross-section, though it increases in pro-
portion as ycut increases and the jets are required to be
well-separated. It is unlikely to be visible as a generic
excess in 3-jet production given that measurements of
hadronic cross-sections at LEPII have errors of at least
±0.2 pb [27]. However, if at least one jet is b-tagged and
σ(e+e− → bb¯g) is measured very accurately, then for b˜2
lighter than ∼ 140 GeV an excess might be observable at
higher ycut values.
If two jets out of three are required to have b tags
then their total invariant mass can also be studied as
in Fig. 6. The total invariant mass of the b/b¯ quark
mb˜2 :
90 GeV
140 GeV
bb¯g
qq¯g
Log10 ycut
σ
(p
b
)
-0.5-1-1.5-2
101
100
10−1
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10−3
FIG. 5: Associated production (dashed lines) compared to
SM 3-jet cross-sections versus ycut at
√
s = 207 GeV.
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FIG. 6: The invariant mass of two b tagged jets can be re-
constructed to observe excesses. Dashed lines show associated
production and the solid line bb¯g for log10 ycut = −1.2. Tag-
ging efficiencies for b quarks are not applied here. Events are
shown for the total integrated luminosity recorded by the four
LEP collaborations at
√
s ≥ 183 GeV.
and gluino (which appears as a b-like jet) gives rise to
a clear resonance around mb˜2 . This would allow direct
observation of a b˜2, and should be the preferred method
of study.
The differential cross-section for bb¯g events increases
with the invariant mass, mbb¯, while the resonance in σ12
rapidly gets smaller as b˜2 gets heavier. This is natural as
gluon radiation from quark pairs is higher for softer glu-
ons, which in turn implies a higher total invariant mass
for the bb¯ pair. To estimate the discovery region we cal-
culate both signal (S) and background (B) events in the
mass window Mbb = mb˜2 ±∆M where Mbb is the invari-
ant mass of the b tagged jets and ∆M = Γb˜2 . The b
tagging efficiency ǫb is taken to be 65%, from Rb stud-
ies at LEPII [29]. Mistag probabilities are assumed to
be small and not included in the analysis. We also use
log10 ycut = −1.2 which is found to maximize the signifi-
cance S/
√
B. The Nσ discovery region is defined as
S√
S +B
≥ N (15)
Calculating events using the entire integrated luminosity
recorded for
√
s ≥ 183 GeV, we find that for |cb| = 0.39,
b˜2 masses upto 123 (136) GeV can be discovered at the
5σ (3σ) level. For |cb| = 0.30− 0.45, the upper limits for
discovery aremb˜2 = 110−129 GeV (5σ) andmb˜2 = 125−
140 GeV (3σ). Since S and B are ∝ ǫ2b , the significance
is ∝ ǫb and better b tagging efficiencies can improve the
upper limits. However we have not included effects of
Gaussian smearing of pair invariant mass measurements,
which might reduce the significance.
We note that the associated process also receives an ir-
reducible SUSY background as the b˜∗1bg˜+ h.c. final state
is possible even if the heavy sbottom is absent. This has
been studied in the context of Z decay [13]. However,
its kinematics are very different from the same state pro-
duced by b˜2 decay, and it should have little effect on the
overall background. In Fig. 6 it would appear as an ap-
proximately uniform distribution of ∼ 5 events /5 GeV,
which is insignificant compared to the bb¯g background.
V. SEARCHES FOR e+e− → h0A0
At leading order e+e− → h0A0 proceeds only through
the virtual Z channel. The relevant coupling is
Zh0A0 ∝ gw cos(β − α) (16)
where α is the mixing angle between neutral CP -even
Higgs bosons. This is comparable to the heavy sbottom
coupling Zb˜2b˜2 ∝ gw(sin2 θb− 23 sin2 θW ) in Eqn. 5. How-
ever production of b˜2b˜
∗
2 pairs is somewhat higher as it also
takes place through the γ∗ channel and receives an extra
factor of 3 from summing over final-state colors.
Being scalars, both pairs of particles are produced with
the same angular distribution. Searches for h0A0 produc-
tion [26] have been done along the diagonal mh0 = mA0 ,
which makes them kinematically identical to b˜2 pair pro-
duction. The final states searched for are bb¯bb¯, bb¯τ+τ− or
τ+τ−τ+τ− as h0/A0 decay mainly into b or τ pairs in the
parameter space where they are approximately equimas-
sive. Therefore, the 4b channel can be used to place limits
on b˜2 pair production as the latter leads to 4 b flavored
jets in the final state.
Cross-sections for the two processes are compared in
Fig. 7. The h0A0 cross-section is called σhA. We simply
maximize this by setting cos(β−α) = 1 and Br(h0/A0 →
bb¯) = 1. The parameters used in the experimental study
were similar or lesser. We find that σ22 is 1.8− 2.3 times
higher than Higgs production for |cb| = 0.45− 0.3. If the
more typical branching ratios Br(h0 → bb¯) = 0.94 and
Br(A0 → bb¯) = 0.92 are used then σ22 is effectively 2.1
to 2.6 times higher. However that could be offset if b˜2 has
a branching ratio into bg˜ near its lower limit of around
0.9 in this mass range (see Fig. 1).
Experimental searches for h0A0 have used approxi-
mately 870 pb−1 of combined integrated luminosity, with
center-of-mass energies between 200 and 209 GeV. Only
OPAL has seen a significant excess in the 4b-jet chan-
nel, which is at the 2σ level at (mh0 ,mA0) ∼ (93, 93)
GeV. This does not appear in other experiments, though
it cannot be ruled out statistically. No excess in this
channel seems to have been observed by any experiment
below ∼ 90 GeV which is approximately the quoted lower
limit at 95% confidence for Higgs masses. Since the pair
cross-section is higher than that for h0A0, this should
simultaneously rule out heavy sbottoms lighter than 90
GeV in the LSLG scenario.
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FIG. 7: Comparison between σhA and σ22 at
√
s = 207 GeV,
versus m = mh0 = mA0 = mb˜2 . Upper and lower limiting
curves for σ22 are obtained for |cb| = 0.30, 0.45 respectively.
There are some qualifications to this analysis. First, b˜2
has a much larger width in absolute terms than h0 or A0,
and that seems to have been a significant factor in the
h0A0 searches at LEP. However, since σ22 is larger, it is
likely that any excess would have been observed and the
90 GeV lower limit is approximately correct. Secondly,
if very low values of ycut (below m
2
g˜/s) were used in the
LEP searches, then the above analysis might not hold.
VI. CONCLUSIONS
We have shown that the heavy sbottom eigenstate de-
cays dominantly into bg˜ pairs in the light sbottom and
light gluino scenario. Pair and associated production of
b˜2 at LEPII have been studied and found to be naturally
described as 4-jet and 3-jet processes respectively. Their
cross-sections and raw event rates have been calculated
and associated production is found to be small and ob-
scured by the large SM 3-jet background for large values
of b˜2 mass. However, we find that 5σ discovery of a b˜2
is possible using 3-jet data provided mb˜2 ≤ 110 − 129
GeV, for |cb| = 0.30 − 0.45. The corresponding 3σ lim-
its are mb˜2 ≤ 125 − 140 GeV. We recommend a search
as far as possible. While invariant masses reconstructed
from b-tagged jet pairs might be the most direct way to
do this, single b-tagged events can also be useful if the
cross-sections are measurable to a high accuracy.
We also find that b˜2 pair production is similar to pro-
duction of neutral MSSM Higgs bosons decaying into bb¯
pairs, which have been extensively searched for by the
four LEP collaborations. Minor excesses, though incon-
clusive, seen in the 4b jet channel for masses ∼ 93 GeV
provide further motivation for a detailed study of 3-jet
events. We show that b˜2 should be heavier than about
90 GeV as no excess has been reported below this value.
VII. ACKNOWLEDGEMENTS
I would like to thank Prof. D. A. Dicus for useful
discussions and help given throughout the course of this
work. This work was supported in part by the United
States Department of Energy under Contract No. DE-
FG03-93ER40757.
Note: A paper by E.L. Berger, J. Lee and T.M.P. Tait
(hep-ph/0306110) that also covers associated production
in this scenario, using the jet cone algorithm, appeared
independently on the internet a few days before this one.
[1] H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985).
[2] M. Carena, S. Heinemeyer, C. E. Wagner and G. Wei-
glein, Phys. Rev. Lett. 86, 4463 (2001), hep-ph/0008023.
[3] E. L. Berger, B. W. Harris, D. E. Kaplan, Z. Sullivan,
T. M. Tait and C. E. Wagner Phys. Rev. Lett. 86, 4231
(2001), hep-ph/0012001.
[4] CDF Collaboration, F. Abe et al, Phys. Rev. Lett 71,
500 (1993); 79,572 (1997); 75,1451 (1995); D0 Collabo-
ration, B. Abbott et al, Phys. Lett. B 487, 264 (2000);
D0 Collaboration, B. Abbott et al, Phys. Rev. Lett. 85,
5068 (2000).
[5] M. Cacciari and P. Nason, Phys. Rev. Lett. 89, 122003
(2002), hep-ph/0204025.
[6] J. Chyla JHEP 03, 042 (2003), hep-ph/0303179.
[7] A. Dedes and H. K. Dreiner JHEP 06, 006 (2001), hep-
ph/0009001.
[8] P. Janot hep-ph/0302076.
[9] ALEPH, A. Heister et al., hep-ex/0305071.
[10] E. L. Berger, Int. J. Mod. Phys. A18, 1263 (2003), hep-
ph/0201229.
[11] C.-W. Chiang, Z. Luo and J.L. Rosner, hep-ph/0207235.
[12] R. Malhotra and D. A. Dicus, Phys. Rev. D67, 097703
(2003), hep-ph/0301070.
[13] K. Cheung and W.-Y. Keung, Phys. Rev. D67, 015005,
hep-ph/0207219.
[14] Z. Luo, hep-ph/0301051.
[15] K. Cheung and W.-Y. Keung, Phys. Rev. Lett. 89,
221801 (2002).
[16] J. Cao, Z. Xiong and J. Yang, Phys. Rev. Lett. 88,
111802 (2002).
[17] G.-C. Cho, Phys. Rev. Lett. 89, 091801 (2002), hep-
ph/0204348.
[18] Z. Luo and J. L Rosner, hep-ph/0306022.
[19] S. Baek, Phys. Lett. B 541, 161 (2002), hep-ph/0205013.
8[20] A. Bartl, W. Majerotto and W. Porod, Z. Phys. C64,
499 (1994).
[21] K. Hagiwara et al [Particle Data Group Collaboration],
Phys. Rev. D 66, 010001 (2002).
[22] J. Rosiek, Phys. Rev. D 41, 3464 (1990); hep-
ph/9511250.
[23] LEP SUSY Working Group, Note LEPSUSYWG/02-
02.1.
[24] ALEPH, DELPHI, L3 and OPAL Collaborations, Phys.
Lett. B565, 61 (2003); hep-ex/0306033.
[25] S. P. Martin, hep-ph/9709356.
[26] LEP Higgs Working Group, hep-ex/0107030.
[27] LEP Electroweak Working Group, Report No.
LEPEWWG/2003-01.
[28] JADE Collaboration, S. Bethke et al., Phys. Lett. B213,
235 (1988).
[29] ALEPH Collaboration, Eur. Phys. J. C12, 183 (2000);
ALEPH, 99-018 CONF 99-013, March 1999; DELPHI,
2000-038 CONF 356, March 2000; L3 Collaboration,
Phys. Lett. B485, 71 (2000); OPAL Collaboration, Eur.
Phys. J. C16, 41 (2000); DELPHI Collaboration, Eur.
Phys. J. C11, 383 (1999).
